Searching for dark matter at LHC with mono-Higgs production by Petrov, Alexey A.Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA & Shepherd, William(Santa Cruz Institute for Particle Physics and University of California, Santa Cruz, CA 95064, USA)
Physics Letters B 730 (2014) 178–183Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Searching for dark matter at LHC with mono-Higgs production
Alexey A. Petrov a,b,∗, William Shepherd c
a Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA
b Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109, USA
c Santa Cruz Institute for Particle Physics and University of California, Santa Cruz, CA 95064, USA
a r t i c l e i n f o a b s t r a c t
Article history:
Received 20 November 2013
Received in revised form 21 January 2014
Accepted 25 January 2014
Available online 30 January 2014
Editor: B. Grinstein
We consider LHC searches for dark matter in the mono-Higgs channel using the tools of effective ﬁeld
theory. This channel takes unique advantage of the presence of SU(2)L breaking in those operators to
avoid the need for any initial-state radiation, usually necessary to tag the production of invisible particles.
We ﬁnd that sensitivities to parameters describing dark matter interactions with standard model particles
are comparable to those from monojet searches for a subset of the usually-considered operators, and we
present for the ﬁrst time bounds from collider searches on operators which couple dark matter to only
the Higgs ﬁeld or its covariant derivatives.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Weakly-interacting massive particles (WIMPs), stable neutral
states, which exist in many extensions of the standard model (SM),
provide a good solution to cosmological dark matter (DM) prob-
lem [1,2]. The most widely-used models, which also provide solu-
tions to well-known shortcomings of the standard model, include
supersymmetry, which naturally gives rise to a WIMP candidate,
provided that R-parity is conserved. Other natural candidates in-
clude Kaluza–Klein excitations of the SM particles, where stability
can be realized owing to momentum conservation in compactiﬁed
extra dimension. Correct identiﬁcation of the nature of dark mat-
ter will lend support to one or another extension of the standard
model. It is thus not surprising that much of the recent efforts in
both high energy and astrophysical experiments has been directed
towards searches for those states.
There are many different approaches to studies of dark mat-
ter. The most systematic one involves setting up a model of dark
matter based on its chosen internal characteristics (such as spin)
and internal symmetries that govern its interactions with luminous
matter. This “top-down” approach gives a complete set of predic-
tions for experimental observables, but gives results which are only
very narrowly applicable, depending crucially on the assumptions
made regarding the dark matter and all other assumed physics be-
yond the standard model.
A slightly more general approach is to consider a theory
which contains the minimal possible ﬁeld content to generate the
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SCOAP3.dark matter phenomenology of interest by introducing a minimal
amount of new particles and operators constrained by the require-
ment of renormalizability [3–5]. This technique goes by the name
of simpliﬁed model analyses. There are many different simpliﬁed
models that arise in particular limits of a given complete theory
such as the minimal supersymmetric standard model (MSSM), and,
in principle, all of them would need to be considered to get an
even partially complete understanding of the possible dark matter
phenomena in the complete model.
This approach has been further generalized by attempting to
make an absolutely minimal number of assumptions. This philos-
ophy, in line with the technique of effective ﬁeld theory (EFT),
considers all interactions of dark matter with the standard model
that are permitted by a minimal set of assumptions. In recognition
that the operators describing DM interactions could generically be
introduced by some heavy particles that have been integrated out
of the spectrum, operators of dimensions higher than four must
be included as well. Explorations of this approach have sparked
new interest in the impact of colliders for dark matter physics,
and have led to many interesting results comparing various types
of experiments studying dark matter [2,6]. There are deﬁnite con-
cerns as to the applicability of these models to physics studied at
Large Hadron Collider (LHC) and elsewhere [7,8].
We will utilize this effective ﬁeld theoretic approach and con-
sider a possible signature of dark matter production which has not
yet been explored at colliders [9,10]. While the concept of uti-
lizing the SM Higgs boson as an integral part of the physics of
dark matter is by no means a new one [11–16], considering that
connection explicitly at colliders has not extended much beyond
considerations of light dark matter, where the decays of the Higgsunder the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
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be constrained [11–13] now that we are learning more about the
speciﬁc properties of this boson. Our current goal is to consider
the possibility of Higgs production at the LHC in association with
a pair of dark matter candidate particles. To this end we will focus
on possible interactions which couple to both the Higgs ﬁeld and
the dark matter, allowing for the signal to be produced at leading
order in all couplings of the theory. As this is a signature which is
already present in the SM due to the production of Zh with the
subsequent decay Z → ν¯ν , we are able to recast a study which
is focused on SM Higgs properties [17] to consider this additional
contribution.
In Section 2 we will discuss the theoretical framework applica-
ble to this particular search. Following that, in Section 3, we will
present our recasting of the current searches for V h production to
bound dark matter–Higgs associated production. We conclude in
Section 4 with discussion of future directions for this signature-
based dark matter search, both theoretical and experimental.
2. Effective operators and LHC observables
Let us write a set of effective operators that can possibly gener-
ate our experimental signature. In what follows we shall consider
all possible operators suppressed by at most three powers of the
new physics scale and study their implications for experimental
signals. Throughout, we label the DM ﬁeld as χ , and for concrete-
ness we have assumed that DM is a fermion and a singlet of the
SM gauge group.
Because we aren’t working with a complete model of DM and
its associated physics, and we’ve posited only the existence of the
DM ﬁeld, the only interactions which DM can have with SM ﬁelds
are non-renormalizable. The lowest dimension at which the dark
matter can interact with SM ﬁelds under these assumptions is ﬁve.
These operators are
L5 = 2C
(5)
1
Λ
|H|2χχ + 2C
(5)
2
Λ
|H|2χγ5χ. (1)
Throughout, C (n)i are the effective Wilson coeﬃcients that charac-
terize the strength of Higgs–DM interactions of dimension n in the
effective theory and Λ characterizes the scale at which the EFT de-
scription breaks down. Below, we shall always expect that the scale
Λ is always suﬃciently high so that EFT expansion in terms of lo-
cal operators is well deﬁned. A note of caution, however, should
be made. Just like in Eq. (1), all dependence on short-distance
physics in effective Lagrangian would be encoded in the Wilson
coeﬃcients C (n)i multiplying each effective operator. Experimental
constraints on each operator are then equivalent to the constraints
on the combination C (n)i /Λ
n−4. This fact should always be kept in
mind while interpreting the ﬁt results, as C (n)i are usually set to
some value (usually C (n)i = 1) to constrain Λ.
In Eq. (1) and below H represents the Higgs doublet ﬁeld,
which in the unitary gauge takes the usual form
H = 1√
2
(
0
v + h(x)
)
. (2)
In terms of the physical Higgs ﬁeld h, and considering only the
terms quadratic in the physical ﬁeld, this operator can be written
as
L5 = C
(5)
1
Λ
h2χχ + C
(5)
2
Λ
h2χγ5χ. (3)
We do not expect to have a strong bound on the scale Λ from
those operators, for two reasons. First, Higgs production by itself isrelatively rare at the LHC, with subsequent DM–Higgs interactions
giving an additional suppression. Second, since the Higgs boson is
in the s-channel, it has to be signiﬁcantly off-shell in this process.
We note that the differences between the scalar and pseudoscalar
couplings to the DM pair, while very signiﬁcant for dynamics in
the low-velocity regime, are negligible at the LHC where all parti-
cles are produced relativistically.
Next, there are two operators of dimension six,
L6 = C
(6)
1
Λ2
H†
←→
DμH χγ
μχ + C
(6)
2
Λ2
H†
←→
DμH χγ
μγ5χ, (4)
where we deﬁned a covariant derivative Dμ = ∂μ − i(g/2)σ aWaμ −
i(g′/2)Bμ . Once again, in the unitary gauge and in terms of the
physical Higgs ﬁeld h, we rewrite Eq. (4) as
L6 = iC
(6)
1 mZ v
2Λ2
Zμχγ
μχ + iC
(6)
2 mZ v
2Λ2
Zμχγ
μγ5χ
+ iC
(6)
1 mZ
Λ2
hZμχγ
μχ + iC
(6)
2 mZ
Λ2
hZμχγ
μγ5χ
+ iC
(6)
1 mZ
2vΛ2
h2 Zμχγ
μχ + iC
(6)
2 mZ
2vΛ2
h2 Zμχγ
μγ5χ, (5)
where we deﬁned Zμ = (g2 + g′ 2)−1/2(gW 3μ − g′Bμ) and em-
ployed the well-known relation 2mZ = v
√
g2 + g′ 2. Each line of
Eq. (5) gives rise to a different experimental signature. The ﬁrst
line gives an effective coupling of DM to the Z boson, which could
lead to a change in the Z boson invisible width for light enough
DM. The second line gives the mono-Higgs signature we are in-
terested in this Letter, with an off-shell Z boson in the s-channel.
Once again, the presence or absence of the γ5 in the DM bilinear
does not appreciably impact the collider phenomenology predicted
by the operator. The ﬁnal line could lead to a ﬁnal state with two
Higgs bosons and missing energy, or a Z boson, Higgs boson, and
missing energy. These signatures are beyond the scope of the anal-
ysis presented in this Letter.
There are similarly four operators of dimension seven that in-
volve Higgs doublets and their derivatives,
L7H = C
′ (7)
1
Λ3
(
H†H
)2
χχ + C
′ (7)
2
Λ3
(
H†H
)2
χγ5χ,
+ C
′ (7)
3
Λ3
|DμH|2χχ + C
′ (7)
4
Λ3
|DμH|2χγ5χ. (6)
The part of L7H that generates the mono-Higgs signature at the
LHC can be written as
L7H = 3C
′ (7)
1
2
v2
Λ3
h2 χχ + 3C
′ (7)
2
2
v2
Λ3
h2χγ5χ,
+ C
′ (7)
3
2Λ3
(∂μh)
2 χχ + C
′ (7)
4
2Λ3
(∂μh)
2χγ5χ. (7)
We do not expect strong constraints on Λ from those operators, as
they simply represent higher-order 1/Λ corrections to the opera-
tors discussed above. We have listed them here for completeness,
but shall not consider them further.
There are also four operators of dimension seven which de-
scribe coupling of dark matter to the SM fermions f ,
L7F = 2
√
2C (7)1
Λ3
yd Q LHdR χχ + 2
√
2C (7)1
Λ3
yu Q L H˜uRχχ
+ 2
√
2C (7)2
Λ3
ydQ LHdRχγ
5χ
+ 2
√
2C (7)2
3
yu Q L H˜uRχγ
5χ + h.c. (8)Λ
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scaled the Wilson coeﬃcients to introduce Yukawa couplings y f
for each fermion ﬂavor f = u,d of up (u) or down (d) type. Q L is
a standard electroweak doublet of left-handed fermions. This form
of operators is invariant under electroweak SU (2)L group and also
naturally suppresses DM couplings to the light fermions, and is
well motivated by the Minimal Flavor Violation paradigm [18]. We
assume the couplings C (7)i are ﬂavor-blind, but permit them to be
complex. In terms of the physical ﬁeld h Eq. (8) can be written as
L7F = Re(C
(7)
1 )
Λ3
y f ( f f )h(χχ) + Im(C
(7)
1 )
Λ3
iy f ( f γ5 f )h(χχ)
+ Im(C
(7)
2 )
Λ3
iy f ( f f )h(χγ5χ)
+ Re(C
(7)
2 )
Λ3
y f ( f γ5 f )h(χγ5χ). (9)
Note that these operators are identical to those which have tra-
ditionally been known as D1–D4 in the previous literature [9] on
effective theories of DM scattering and production, with the sole
difference being that the implied Higgs vev has been replaced by
the dynamical Higgs ﬁeld in these operators. This is another case
where the scalar versus pseudoscalar nature of the couplings is not
important to the collider phenomenology. We expect the strongest
constraints to come from this and the next set of operators, even
though they are operators of relatively high dimension.
There are also four operators that are formally of dimension
8 that describe DM couplings to the gluons and the physical
Higgs [19],
L8 = C
(8)
1
Λ3MEW
(χ¯χ)h GaμνGaμν +
C (8)2
Λ3MEW
(
χ¯γ 5χ
)
hGaμνGaμν
+ C
(8)
3
Λ3MEW
(χ¯χ)hGaμν G˜aμν
+ C
(8)
4
Λ3MEW
(
χ¯γ 5χ
)
hGaμν G˜aμν (10)
where we choose MEW = v . Note that the presence of MEW here
makes these operators equivalent in power counting of the new
physics scale to the dimension seven operators above. In fact, sim-
ilarly to the operators in Eq. (9), these are equivalent to the well-
known operators D11–D14 of [9] with a Higgs vev replaced by the
dynamical ﬁeld. Once again the parity structure of the operator is
largely irrelevant for collider experiments.
It is important to note that these ‘dimension seven’ operators
mix with those in Eq. (9) due to diagrams analogous to those
responsible for the gluon fusion production of the Higgs boson.
As calculated in [19,20], any interaction of the form given in Eq. (9)
also gives rise at one loop to the corresponding interaction in
Eq. (10), especially for the heavy fermions f . The importance of
these higher-order operators coupling directly to gluons is also en-
hanced by the large gluonic luminosity of the LHC.
3. Mono-Higgs at LHC
The characteristic signature of these interactions coupling dark
matter to the Higgs boson is the production of a Higgs in asso-
ciation with missing energy. This, of course, suffers from a SM
background from the associated production of a Z boson and a
Higgs, with the Z subsequently decaying to neutrinos. However,
this also presents an opportunity to immediately bound these in-
teractions, as the “background” process has already been searched
for by the LHC Collaborations. In this section we recast, as well aspossible, the results of the CMS search to apply to this new signal,
with an assumed background of the SM signal strength.
The CMS search [17] utilized multiple layers of boosted decision
trees (BDTs) which we are not able to reproduce reliably. How-
ever, from their plots it is clear that all of their statistical power
in differentiating signal from background comes from the highest
of their three bins in missing energy. Thus, we construct our rudi-
mentary comparison to the CMS analysis by requiring that events
pass all of the cuts that were required to be used to train the BDTs
in the high /ET region, and compare the accepted cross section of
the SM Zh signal to that predicted by each of the models we con-
sider.
All of our samples are generated using MadGraph 5 [21], with
parton showering and hadronization by PYTHIA [22] and rudimen-
tary detector simulation using DELPHES [23] tuned to emulate the
CMS detector. We generate 100000 events at the parton level for
all signal samples to minimize the statistical errors induced by
small acceptances. We have chosen as representative cases from
each of those described above the unique operator which is parity-
even in each bilinear. As discussed, choosing a different parity
structure for the operator will not signiﬁcantly affect the collider
bounds that can be derived for that class of operator. We generate
signal samples of the mono-Higgs ﬁnal state, requiring the Higgs
to decay to a bottom quark pair.
The theoretical interpretation of the Wilson coeﬃcients and the
new physics scales are very different, but it is only the effective
coupling which can be bounded under the assumption that the ef-
fective theory accurately describes the LHC physics. Thus, we have
chosen to ﬁx the Wilson coeﬃcients and bound the new physics
scale. We have chosen C (n)i = 1 for most of our candidate interac-
tions, with the only exception being the gluonic coupling, where
we choose an interaction strength of C (8)1 = − g
2
s
12π2
(1 + 7m2h
120m2t
+
m4h
168m4t
+ 13m6h
16 800m6t
), which is that induced by C (7)1 = 1 by the top
loop in the large mt limit [24]. While this limit is not particularly
well-justiﬁed, it was found by [20] that this amounts to at worst
a factor of less than 2 overestimate of the bound strength on Λ
from monojet searches utilizing the same loop-level relationship
between quark and gluon couplings in operators that contain the
Higgs ﬁeld.
The requirements we impose on an event to be accepted are:
• /ET > 170 GeV;
• 	φ(/ET , j) > 0.5∀ j|PT > 25 GeV, |η| < 2.5;
• 0 leptons with PT > 20 GeV;
• 2 b-tagged jets, one with PT > 60, other with PT > 30;
• Mbb < 250 GeV;
• PT ,bb > 130 GeV;
• 	φ(/ET ,bb) > 2.
We note that b-tagging in particular is a place where our analy-
sis and that of the CMS Collaboration is likely to differ signiﬁcantly.
In particular, the CMS analysis placed differing requirements on
the two b-tagged jets, requiring that one was very tightly iden-
tiﬁed as a b quark and allowing the second to be less tightly
identiﬁed. We lack the freedom to change b-tag criteria straight-
forwardly using the DELPHES package, and so simply require both
jets to be tagged. It is reasonable to expect that the differences in
b-tagging eﬃciencies will be independent of the underlying inter-
action which produces the Higgs boson that subsequently decays
to the b quarks.
Applying the above requirements to the tree-level SM signal we
ﬁnd a total rate for pp → Zh with Z → ν¯ν and h → b¯b of 677 fb,
and an acceptance of 0.64% for the cuts applied above, giving a to-
A.A. Petrov, W. Shepherd / Physics Letters B 730 (2014) 178–183 181Fig. 1. Bounds derived from the recast search for h+/ET on the suppression scale Λ on each of the four considered operators. Note that range of DM masses mχ ≈ 0 includes
“collider-massless” values of mχ of several GeV. Please see text for further discussion.tal accepted cross section of 4.30 fb. This is somewhat higher than
the rate which can be reconstructed by considering the histograms
shown in the CMS analysis, but the difference is likely due to the
difference in b-tagging requirements and should therefore be uni-
versal for signal and background. We thus adopt the value of 4.3 fb
accepted cross section as our deﬁnition of the SM signal strength
μ = 1.
We then proceed to apply the above analysis cuts to each of
the interactions presented in Section 2 and ﬁnd the suppression
scale Λ appropriate for each to give a contribution to the signal
rate that saturates the 2σ bound quoted by CMS. The measured
value of CMS is μ = 1.04 ± 0.77, and we assume the presence
of a SM Higgs signal (which we take to be very well modeled),
so the 2σ bound on new physics contributions is μ = 1.48 or
σ ∗ A = 6.4 fb. The resulting bounds on Λ in each model are pre-
sented in Fig. 1, assuming that all appropriate Wilson coeﬃcients
are of order one. Alternatively, one can ﬁx a NP scale and put con-
straints on the Wilson coeﬃcients of each operator. This procedure
is completely equivalent to the one chosen in this Letter, so we
shall only present constraints on the new physics scale Λ, with
the assumed Wilson coeﬃcients discussed above.
We considered dark matter candidates with masses up to 1 TeV,
re-simulating at each point to capture any changes in analysis eﬃ-
ciency with the dark matter mass. All such deviations are relatively
minor, with the dominant effect being due to the change in total
production cross section for the mono-Higgs ﬁnal state.
As can be seen from Fig. 1(c), the bounds on couplings of DM
of the type introduced in Eq. (3), i.e. directly to the SM Higgs, arevery weak, but this is to be expected as it requires a far off-shell
Higgs in the s-channel, as discussed in Section 2. It is important
to note that bounds presented in Fig. 1(c) do not look physically
meaningful, since Λ/C (5)1 only extends to several GeVs. A correct
interpretation of Fig. 1(c) is that existing data does not allow to
place strong constraints on the combination C (5)1 /Λ. That is to say,
while Λ is large, current data does not exclude values of C (5)1
that are much larger than 1. Stronger bounds on this operator can
be obtained from the constraint on the Higgs invisible width for
mh > 2mχ , and are presented in Fig. 1(a). Note that this ﬁgure
uses a different scale for the dark matter mass axis from the oth-
ers. Bounds on the coupling to quarks (Fig. 1(a)) are comparable
with those derived from other missing energy searches (currently
lead by a search for a weak boson and missing energy [10], giv-
ing bounds of ∼65 GeV for a massless DM and ∼28 GeV for DM
with 1 TeV mass) considering the similar operator with the Higgs
vev inserted, and the bounds on couplings to gluons, shown in
Fig. 1(b), while less powerful than those from monojets [10] (cur-
rently ∼300 GeV for massless DM and ∼150 GeV for TeV DM),
are similar. These operators do not require any propagator to go
off-shell, and as such inherit their only dependence on the dark
matter mass from the PDFs. The bounds derived on the coupling
of DM to the Higgs and Z boson (shown in Fig. 1(d)) are stronger
than we anticipated, as they suffer from the same off-shell sup-
pression as in the case coupling directly to the Higgs pair, but the
much stronger production of the Z boson versus the Higgs allows
reasonable bounds to be derived nonetheless. In this case we can
182 A.A. Petrov, W. Shepherd / Physics Letters B 730 (2014) 178–183Fig. 2. Bounds on the suppression scale of the operators from the invisible widths of the Higgs [25] and the Z for DM masses allowed in these decays.see the additional dependence on the dark matter mass due to
the s-channel Z boson being required to go further off-shell. Sim-
ilar behavior can be seen in the direct Higgs coupling case, but
the bounds are so weak that the dependence is certainly irrelevant
to their interpretation. However, just like in the case of operators
where DM couples directly to the Higgs, stronger constraints from
invisible Z width data are possible for DM masses that are smaller
than mZ/2, which are presented in Fig. 2(b).
4. Conclusions
We estimated the current bounds on dark matter interactions
due to the possible associated production of dark matter pairs and
a Higgs boson, assuming that the Higgs is SM-like apart from the
introduced interaction with dark matter. We emphasize that two of
the operators we have bounded are identical to those considered
previously in the context of other collider dark matter searches,
particularly the diﬃcult to constrain D1 and the strongly con-
strained D11. In their previously-used form these operators had
the Higgs vev explicitly introduced to give a functionally lower-
dimensional operator, but the opportunity to not require relatively
unlikely initial-state radiation is recovered by retaining the dy-
namical Higgs in the operators. The experimental channel with
the signature described in the Letter offers a new and competi-
tive probe of those interactions. The two other operators we have
considered have not been previously constrained by any collider
search.
The bounds we ﬁnd are somewhat weakened by the fact that
the searches available for recasting to this new model have been
constructed to have sensitivity to all possible V h leptonic ﬁnal
states and have been tailored speciﬁcally for the expectations de-
rived from that signal model. A separate search which considered
the signature of Higgs and missing energy more generally, or these
models in particular, would likely give a signiﬁcant improvement
in the bounds available from this possible signature of dark matter
production. It is also likely that, as the amount of data increases,
other, cleaner Higgs decay ﬁnal states may become more powerful
probes of this signature than the bottom quark decay.
It is very interesting that the bounds are very different on the
operators which couple to heavy quarks from those which cou-
ple to gluons, as we know that these two mix when higher orders
in QCD are considered. An interesting theoretical undertaking re-
lating to this signature would be to consider the loop amplitude
which mixes the two within various simpliﬁed models which give
rise to the operators considered here. One source of these cou-
plings of dark matter to quarks and the Higgs is a squark, and thus
the validity of loop calculations using only the effective operator issuspect as loop momentum should ﬂow through the mediator as
well as the particles external to the operator. We reserve this ques-
tion for future study.
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